Helicobacter pylori is a gastroduodenal pathogen that colonizes the human stomach and is the causal agent of gastric diseases. From the clinical and epidemiological point of view, enhancing and improving the growth of this bacterium in liquid media is an important goal to achieve in order to allow the performance of accurate physiological studies. The aim of this work was to optimize three culture conditions that influence the growth of H. pylori in the defined medium Ham's F-12 supplemented with 5% fetal bovine serum by using response surface methodology as a statistical technique to obtain the optimal conditions. The factors studied in this experimental design (Box-Behnken design) were the pH of the medium, the shaking speed (rpm) and the percentage of atmospheric oxygen, in a total of 17 experiments. The biomass specific growth rate (J1) was the response measured. The model was validated for pH and shaking speed. The percentage of atmospheric oxygen did not influence the growth for the range of values studied. At the optimal values found for pH and shaking speed, 8 and 130 rpm, respectively, a specific growth rate value of 0.164 hot, corresponding to a maximal concentration of approximately 1.5xl0 8 CFU/ml, was reached after 8 h. The experimental design strategy allowed, for the first time, the optimization of H. pylori growth in a semi-synthetic medium, which may be important to improve physiological and metabolic studies of this "fastidious" bacterium.
achieve H. pylori growth in liquid media where all constituents were defined (4) (5) (6) . However, several drawbacks are associated with these studies. One of the most important was that the bacterial growth achieved in defined media was very low (4, 6) , and as such the amount of biomass available for further chemical characterization was not enough. This also involves changes in the chemical concentrations of the medium along the fermentation that are very small and hard to follow using standard methods. Consequently, supplements like bovine serum albumin (BSA) were added to improve growth (4, 6) ; however, it remains unclear whether it is BSA itself or a protein contaminant in commercial preparations of BSA that is the growth-enhancing factor for H. pylori. The same setback is inherent to other supplements such as heat inactivated fetal bovine serum (FBS), which is one of the most used supplements for the growth of H. pylori in liquid medium, because, according to some authors, it has the ability to stimulate a greater growth than other supplements (7) .
Testerman et al. used a chemically defined medium, Ham's F-12 nutrient mixture, to grow, store and recover H. pylori and they were very successful even in the absence of complex constituents. However, the addition of FBS has significantly improved growth (8) . Thus, this medium may still lack compounds needed to increase growth to densities already achieved in complex media. Nevertheless, a study that compared H. pylori growth in five different media concluded that only Ham's F-12 was able to support stable growth even when small inoculum sizes had been used (9) . It is well known that the growth in the liquid medium is largely affected by many other factors (10) , besides the factors mentioned above -medium composition, supplements added, inoculum size and concentration -such as the pH of the medium, shaking speed, and the percentage of atmospheric 02 and CO 2 , among others.
With the aim of studying how changes in three of those factors (pH, shaking speed and percentage of atmospheric 02) affect H. pylori growth in the Ham's F-12 medium supplemented with 5% FBS, an experimental design was planned with the additional objective of maximizing the same growth.
The response surface methodology (RSM) was the mathematical and statistical technique used to plan the sequence of experiments and obtain the optimal response (11) . Particularly, Box-Behnken designs are response surface designs, in which each variable is placed at one of three equally spaced levels, coded as -I (lower level), 0 (midlevel) and 1 (upper level) (12) . Because there are only three levels, the Box-Behnken design can fit a quadratic model (13, 14) . Increasing the biomass production of H. pylori, a "fastidious" and slow growing microorganism, in a defined liquid medium is, certainly, very important to facilitate clinical, metabolic and epidemiological research studies of this bacterium. Also, the understanding of the bacterial optimal growth conditions will allow to perform more controlled studies such as in bioreactors and even in chemostat cultures that will in turn allow the identification of the nutritional requirements and consequently of the relevant metabolic pathways of the organism. Eventually, that will permit the design of minimal media adequate to those needs. Because it is still very hard to obtain reproducible growth with the already published defined media, this work presents for the first time, an optimization procedure for H. pylori growth in a semi-synthetic medium.
MATERIALS AND METHODS

Bacterial strain and medium
H. pylori NCTC 12455 (strain 26695) was used in this study. The strain was stored at -80°C in Tryptic Soy Broth -TSB (Liofilchem, Italy) supplemented with 20% (v/v) of glycerol (Applichem, Germany), and plated on Columbia Blood Agar -CBA (Liofilchem, Italy), supplemented with 5% (v/v) defibrinated horse blood (Probiologica, Portugal). Plates were incubated at 37°C under microaerophilic conditions (5% 02' 10% CO 2 , 85% N) provided by a cell culture incubator (Incubator HERAcell150, Kendro Laboratory, Germany) for 3 days.
Culture conditions
Before starting each experiment, three-day-old H. pylori cells were harvested from one CBA culture plate and suspended in 150ml of Ham's F-12 nutrientmixture with glutamine (catalog n°21765-037, Invitrogen-Gibco, Spain) previously supplemented with 5% ofFBS (catalog n°10500-064, origin: South America, Invitrogen-Gibco, Spain), incubated at 37°C under 120 rpm of shaking (Heidolph Unimax 1010 orbital shaker, Germany) and in microaerophilic conditions, for approximately 17 h in order to assure logarithmic-phase growth. Afterwards, cell concentration was adjusted to an optical density at 600 nm (OD 6oo ) of 0.1 (corresponding to approximately 10 7 CFU/ml ) in 1000 ml Erlenmeyer flasks containing 150 ml of Ham's F-12 medium supplemented with 5% FBS, and incubated at 37°C for 72 h. Three culture conditions: initial pH of the medium (adjusted to the target value in the beginning of the experiment (time=O hours), by adding NaOH or HCl), shaking speed (provided by an orbital shaker) and percentage of atmospheric 02 (adjusted by setting up the gas percentage inside the cell incubator) were altered in each experiment according to the experimental design.
Growth assessment
All experiments were performed in duplicate. In each experiment, lO-ml samples were collected at 2-h intervals during 12 h (0, 2, 4, 6, 8, 10 and 12 h) and then at l2-h intervals up to 72 h (24, 36, 48, 60 and 72 h). At each time point, OD 6oo was immediately assessed by using a microplate reader (TECAN Sunrise, Switzerland).
Through the growth curve obtained from each experiment, a linear regression of the exponential phase was achieved and used to calculate the cell specific growth rate (u) as follows: values of OD 6oo were converted to natural logarithm (In) values and plotted vs time (hours). The specific growth rate (u) corresponds to the regression slope.
To ensure that all samples collected had not been contaminated, aliquots were plated both on Tryptic Soy Agar -TSA (Liofilchem, Italy) and CBA plates, at each time point for all experiments.
Colony forming unit assay
CFU counts were performed at every time point for some experiments. Previously, samples were vortexed for 5 minutes along with 8 to 10 glass beads (I mm of diameter, Sigma-Aldrich), in order to disaggregate the cells and achieve reliable CFU numbers. Then, serial 10fold dilutions in PBS were performed and subsequently plated on CBA followed by incubation at 37°C under microaerophilic conditions for 4 to 6 days.
Response surface methodology (RSM): Box-Behnken design
The pH of the culture liquid medium, the shaking speed and the percentage of atmospheric 02, were optimized along with their interactions by using a Box-Behnken design. The design, formulated through the statistical software package Design Expert" 8.0.7 (Stat-Ease Inc., Minneapolis, USA), consisted in performing a total of 17 experiments, five of them were center points.
Center points, also called "control runs", are experimental runs performed at the coded level 0 of all variables and usually are interspersed among the experimental setting runs in order to provide a measure of response stability and inherent variability and to check for curvature (11) . The selection of ranges for those variables was based on a wide literature research (2, 9, 10, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Coded and real values of variables are shown in Table I . Since the purpose is to find optimal conditions, it was important that the levels chosen for the variables, on one side, cover the range of physiological conditions for growth and, on the other side, allow the growth even at the lower and upper levels. The cell specific growth rate (u) was taken as response to derive the model.
Statistical analysis
Each one of the 17 experiments was carried out in duplicate and during 72 h. Three model validation experiments were performed at the optimum values found for the variables studied. The statistical significance of the differences between duplicates and among the validation experiments was evaluated using Student's t-test. P values <0.05 indicate that differences are statistically significant.
Analysis of variance (ANOVA) of the data was provided by the software Design Expert in order to achieve a significant model that related the observed response to the independent variables.
RESULTS
The CFU numbers obtained for some experiments were in accordance with OD 600 values, i.e., concentration-time curves constructed by plotting the log., CFU/ml values versus time and the OD 600 values versus time fairly overlapped, showing the same variation trend (data not shown). Thus, only OD 600 values were taken as response for achieving the model.
For each experiment, growth curves were constructed using OD 600 mean values of duplicates. Differences between duplicates were not statistically significant, as shown by the Student's t-test (data not shown). Specific growth rate (u) values were calculated for each experiment and were also the average of the duplicates. The design matrix and the corresponding observed and predicted responses are shown in Table II . Predicted values were fairly similar to the experimental ones, generating residuals very close to zero.
The Box-Behnken design with three variables and three levels, including five replicates at the center point and one response, the specific growth three variables with the response, despite being rate (11) , was used for fitting a second-order response significant, revealed that the model terms pH and surface. The results were analyzed by analysis of percentage of atmospheric 02 were not significant variance (ANOVA). An initial model, relating the for a "prob > F" less than 0.05. Thus, a model 
The two-dimensional contour plot (Fig. lA) and the three-dimensional response surface plot (Fig. 1B) represent graphically the equation above and show how the specific growth rate varies as function ofthe two significant variables. Consequently, the model was suitable for predicting the optimal values for pH and shaking speed within the chosen range for those variables. Therefore, according to the model, the software predicted a maximum specific growth rate of 0.194 h-I that could be achieved if the pH and shaking speed were set at 8 and 130 rpm, respectively.
In order to validate the model and confirm the optimal predicted values, three validation experiments at the optimum conditions (pH of 8 and shaking speed of 130 rpm) were carried out. Since the percentage of atmospheric 02 had no influence on the model, this variable was kept at the midlevel (6.5%) for all validation experiments: The growth curves obtained for those three experiments were very similar and no statistically significant differences were shown among the experiments. Fig. 2 shows the validation growth curve obtained from the three experiments (mean of OD 600 values±standard deviation versus time). The maximal OD600 was reached after 8 h and it corresponded to an average concentration of approximately 1.5x10 8 CFU/ml.
The average specific growth rate of those experiments was 0.164±0.019 h-I (for a confidence interval of 95%), a little lower than the predicted value of0.194 h-I. However, as the outcome is within the prediction interval (0.130-0.259 h-I) calculated by the software, we could confirm the model validation. 
DISCUSSION
It is well known that bacterial growth in liquid medium is influenced by several factors. H pylori being a microaerophilic bacterium with slow and fastidious growth requirements, the variables and respective range have to be carefully selected so that detectable growth occurs under the tested conditions. Thus, we only studied three variables in physiological ranges: pH (6) (7) (8) , shaking speed (40-180 rpm) and atmospheric 02 (3-10%).
There has not been, until now, a universal consent regarding the favorable pH range for the growth of H pylori, however, the major reports in literature point out a preferable growth at a pH range of 6.5-7.5 (26, 27) . However, the optimal value predicted by our model for pH was 8. Moreover, by the end of all experiments performed we noticed that the final pH was always self-adjusted to values around 7-7.5, independently of the initial pH of the experiment. It is known that H pylori can locally increase the pH of the stomach contents by the release of urease. In this study, it appears that H pylori is also able to decrease the pH of the medium, but the mechanisms by which that happens remain uncertain. Others have also reported the H pylori capability to decrease the pH of the medium (28) .
H pylori has been considered a microaerophile; however, recent reports refer that, at high cell densities, the microaerophilic nature might not hold true (29) . Indeed, our results show that an atmospheric oxygen range of 3-10% did not affect significantly the growth in the liquid medium. Since this range exceeds the conditions normally used in microaerophilia, our results indicate that H pylori has probably been misclassified as microaerophilic. In order to check this, a wider range of levels for this variable should have been selected and tested. In line with our results, a recent paper indicates that H. pylori can grow at the normal percentage of oxygen in the air (30) .
Shaking guarantees the culture homogeneity and as a result permits the access of nutrients and oxygen to the cells, enhancing growth (10, 15, 31) . In fact, in our model, shaking significantly influenced growth and the value of 130 rpm was found to be optimal. This result did not support the observations of Stevenson and collaborators (32) who mentioned that shaking was not essential for good growth. They explained their results by the small volume used, the method of establishing a microaerophilic atmosphere and the area of gas interface with the medium. Additionally, it is also evident that shaking affects the aggregation of cells, a phenomenon previously reported to happen in liquid media (33) . H. pylori cell-to-cell aggregation was stated to be more obvious when the oxygen concentration is reduced (21) . The formation oflarge cell aggregates in Ham's F-12 medium supplemented with 1% of fetal bovine serum was also previously reported (34) . In this work, we could confirm that cell-to-cell aggregation hampers the evaluation of H. pylori growth by using the conventional methods such as CFU counts.
The optimal shaking speed will, of course, be very much dependent on other culture conditions and on the experimental setup. However, the results found in this work, i. e., the existence of an optimum value before and after the growth is negatively affected, is known to happen in most cell cultures and is related with the necessary compromise between access to nutrients and sheer stress. Therefore the results achieved here show that H. pylori is affected by the shaking speed in a similar way as most other organisms in liquid culture.
The application of statistical design to optimize culture conditions has been largely used. Recently, Duque-Jamaica et al. (35) have also used the Box-Behnken design to optimize some culture conditions (shaking speed, inoculum size and volume of culture media) and the concentration of some components (lamb-blood, DENT and Vitox) of a complex medium to increase the planktonic H. pylori cell culture. The authors carried out the experiments in a mini-bioreactor that supplied CO 2 directly to the culture medium and they were able to achieve 25x10 8 cells/ml after 12 h of growth under their previously optimized conditions.
Through the use of RSM, all the data acquired from our experiments were analyzed, mathematically and statistically, and a reduced quadratic model, that correlates the effect oftwo independent variables (pH and shaking speed) with the response, was considered significant, while the percentage of atmospheric 02 tum out not to be significant within the range of levels studied. An analysis of the response surface and contour curves (Fig. 1) showed that the specific growth rate was higher at the extreme values of the pH range and at the middle values of the shaking speed range.
The model was validated for two of the three variables studied within the design space. In addition, the experimentally determined specific growth rate value was in close agreement with the predicted one, confirming the model's authenticity.
Improving the liquid culture for H. pylori has been a goal sought all over the years. Many studies were carried out, however using different media, studying different conditions and sometimes neglecting important factors. All taken together, they may help to reach, in the future, the ideal culture conditions for this bacterium.
In conclusion, after achieving a valid and significant model, a maximal H. pylori growth was reached after 8 h, with a specific growth rate of 0.164 h-I , corresponding to a concentration of 1.5x 108 CFU/ ml, under the following conditions: Ham's F-12 medium supplemented with 5% FBS, at pH of 8, shaking speed of 130 rpm and 6.5% of atmospheric 02' To our knowledge, this study provides the first assessment of optimal culture conditions for H. pylori growth performed in a defined medium supplemented with a small percentage of FBS. The reproducible and robust growth of H. pylori in such medium will be crucial to carry out fermentations that will allow performing metabolic analysis, with the final goal of better understanding the physiology and metabolism of H. pylori. necessary to carry out this work. The authors also thank Fundacao para a Ciencia e Tecnologia (FCT) for the financial support of the Helisysbio Project (PTDC/EBB-EBIII04235/2008). Daniela Correia is grateful for financial support from the FCT (PhD grant: SFRH/BD/47596/2008).
